The purpose of this work was to investigate the role of chromium on hydrogen embrittlement of NiCr-Fe alloys and thus to develop a better understanding of the low-temperature stress corrosion cracking (SCC) phenomenon. The effect of chromium on hydrogen embrittlement was examined using tensile tests followed by material evaluation via scanning electron microscopy (SEM) and light optical microscopy. Four alloys were prepared with chromium contents ranging from 6 to 35 wt pct. In the uncharged condition, ductility, as measured by the percent elongation or reduction in area, increased as the alloy chromium content increased. Hydrogen appeared to have only minor effects on the mechanical properties of the low-chromium alloys. The addition of hydrogen had a marked effect on the ductility of the higher-chromium alloys. In the 26 pct chromium alloy, the elongation to failure was reduced from 53 to 14 pct, with a change in fracture mode from mixed ductile dimple and ductile intergranular failure to a brittle appearing intergranular failure. A maximum in embrittlement was observed in the 26 pct Cr alloy. The maximum in embrittlement coincided with the minimum in stacking-fault energy. It is proposed that the increased hydrogen embrittlement in the high-chromium alloys is due to increased slip planarity caused by the lower stacking-fault energy. Slip planarity did not appear to affect the fracture of the uncharged specimens.
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I. INTRODUCTION
THERE appear to be two environmentally enhanced cracking phenomena associated with nickel-base alloys in a hydrogenated water environment. The high-temperature stress corrosion cracking (SCC) behavior of Ni-XCr-9Fe alloys, where Cr is between 15 and 30 pct Cr, in highpurity water has been well documented.
[1-4] Low-temperature SCC of the solid solution alloys with the composition of Ni-XCr-9Fe in hydrogenated water has recently been reported.
[5] The first phenomenon, high-temperature SCC, has been observed between 250 ЊC and 360 ЊC. This phenomenon is characterized by a time to incubate the crack followed by a relatively low crack growth rate, on the order of 0.05 mm/day in 360 ЊC deaerated hydrogenated water depending on the load. The high-Cr alloys are significantly more resistant to high-temperature pure-water SCC than the lower-Cr alloys. The second phenomenon, low-temperature cracking, occurs at temperatures below 150 ЊC. This phenomenon is characterized by a decrease in the fracture toughness of the material or rapid stable crack growth. It has been shown that solid solution strengthened Alloy 690 (ϳ30 pct Cr) is very susceptible to this low-temperature embrittlement phenomenon in deaerated hydrogenated pure water, while Alloy 600 (ϳ15 pct Cr) is only slightly embrittled.
[5] Alloy 690 showed a fivefold decrease in its fracture toughness along with a very low tearing modulus.
[5] Alloy 600 showed a twofold degradation in fracture toughness with almost no change in the tearing modulus.
[5] Most tests for low-temperature SCC have been performed on Alloy X-750 (15 pct Cr), a high-strength gamma-prime-strength- ened material that shows very localized deformation.
[6] It has been shown that the low-temperature SCC is hydrogen embrittlement. [7, 8] It was demonstrated that fracture behavior was sensitive to phosphorus segregation at the grain boundaries and that the crack growth rate was as high as 0.03 mm/s, a rate higher than can be modeled by anodic dissolution. [7] The primary difference between Alloy 600 and Alloy 690 is the amount of chromium in the alloys, 15 and 30 wt pct, respectively. This difference in chromium content may alter the deformation behavior, [9, 10] which, in turn, may change the material susceptibility to hydrogen embrittlement. The slip mode in these alloys is partially controlled by the stacking-fault energy, which is dependent on the chromium concentration. [9, 10, 11] Also, Cr may produce shortrange order that will increase the degree of slip planarity. [12, 13, 14] In stainless steels, increased slip planarity results in increased susceptibility to hydrogen embrittlement.
[15] It has also been proposed that the slip planarity may control the hydrogen embrittlement phenomenon in the nickel-base alloys. [15, 16] In the nickel-chromium system, there appears to be a minimum in stacking-fault energy at approximately 25 pct chromium. [9, 11] Therefore, if stacking-fault energy is a controlling factor in the hydrogen embrittlement of these alloys, a maximum in embrittlement is expected at approximately 25 pct Cr.
The objective of this work was to understand the effect of chromium on hydrogen embrittlement in Ni-Cr-Fe alloys at ambient temperature. These results may then be compared with the low-temperature SCC behavior. The work reported herein utilized tensile specimens with Cr contents ranging from 6 to 35 pct. By performing tensile tests on materials in the uncharged condition and the hydrogencharged condition, it was possible to evaluate the degree of embrittlement as a function of alloy chromium content. A mechanism is proposed to describe the observed embrittlement phenomenon. 
II. EXPERIMENTAL TECHNIQUES

A. Materials
The alloys were produced using a nonconsumable arcmelting process in an inert (argon) atmosphere that produced 75-mm-diameter buttons. All raw materials used in the initial melt were greater than 99.9 pct pure, the nickel being 99.99 pct. The materials were triple melted to assure a uniform composition. The buttons were then annealed at 1000 ЊC and rolled for a single reduction of 30 pct. Two more rolling passes, each with a 30 pct reduction and intermediate anneal at 1100 ЊC, were performed on the buttons. This resulted in four plates of the alloys with an average thickness of 3.5 mm. A final anneal at 1065 ЊC was followed by an air cool. The chemical compositions of the heats are presented in Table I . The titanium was added to increase hot workability.
Flat uniaxial tensile specimens with a cross-sectional area of 3.2 ϫ 1.27 mm and a gage length of 12.5 mm were machined from the plates with the gage length parallel to the rolling axis.
B. Hydrogen Charging
The hydrogen charging was performed in a high-pressure hydrogen autoclave. The specimens were cleaned in acetone, and were then alcohol rinsed prior to insertion into the autoclave. The hydrogen gas entering the autoclave was purified by running the gas line through a liquid nitrogen bath to condense impurities from the hydrogen. Two charging runs were performed at 285 ЊC for 6 weeks to assure a uniform hydrogen distribution. The first run was accomplished at a hydrogen pressure of 34 MPa and the second run at 13 MPa. According to Crank, [17] the time needed to achieve a uniform hydrogen concentration is determined when the dimensionless parameter, Dt/l 2 (diffusivity multiplied by time and divided by one-half the thickness) is equal to 1.5. The diffusivity of hydrogen in Alloy 600 is given by D H ϭ D 0 exp (ϪQ/RT ), where D 0 ϭ 0.049cm 2 /s and Qϭ 42,400 J/mol. [18] For this thickness, the minimum time required is calculated to be 30 hours as compared to the 6 weeks used in this experiment. Two measurements per alloy of the hydrogen concentration were determined after hydrogen charging using a LECO* *LECO is a trademark of LECO Corporation, St. Joseph, Ml. hydrogen analyzer model RH404. The measured hydrogen concentrations from the gas phase hydrogen charging are displayed in Table II .
C. Mechanical Testing
Five tensile specimens from each alloy were tested: two in the uncharged condition, two from the 34 MPa H 2 charging, and one from the 13 MPa H 2 charging. All tensile specimens were tested at 25 ЊC at an initial strain rate of 4 ϫ 10 Ϫ4 s Ϫ1 . An extensometer was used to measure the strain on all the specimens. The test data and specimens were analyzed to determine the percent reduction in area (pct RA), the percent elongation (pct El), the percent RA loss due to hydrogen, the percent elongation loss, the yield strength, and the ultimate tensile strength. The percent RA loss and percent elongation loss are defined as RA loss ϭ RA of hydrogen-charged specimen 1 Ϫ 100 * ͑ ͒
RA of uncharged specimen
El loss ϭ elongation of hydrogen-charged specimen 1 Ϫ 100 * ͑ ͒ elongation of uncharged specimen
The fracture morphology was characterized by scanning electron microscopy (SEM) to determine the relationship between microstructure, fracture behavior, and fracture morphology.
III. RESULTS
A. Microstructural Characterization
The microstructure consisted of equiaxed grains; the average grain size ranged from 200 to 300 m, as shown for alloys 1 through 4 in Figures 1 through 4 , respectively. All the alloys have small intragranular primary titanium carbides throughout the specimens. These carbides were aligned along the rolling direction. The grain boundaries were also partially covered with carbides for all of the specimens. These intergranular carbides are expected to be chromium carbides. [19, 20] 
B. Mechanical Property Characterization
The results will be discussed in two parts. The first part will discuss the results of the testing of the uncharged specimens. The second part will discuss the results of the hydrogen-charged specimens.
The effect of chromium on the tensile properties of uncharged Ni-XCr-8Fe alloys is shown in Table III . The alloy with the lowest chromium concentration has the lowest ductility. Increasing the percentage of chromium in the alloys increased the ductility in the uncharged condition, as is observed by the measurements of the elongation to failure and reduction in area. Scanning electron micrographs of the fracture surfaces show a change in fracture morphology as the Cr content is increased. In the alloys with the lowchromium levels, classical ductile failure was observed.
